Smoking-related lung abnormalities are now an increasing public health concern. According to the findings of large-cohort studies, approximately 8% of smokers have interstitial lung abnormalities, which are associated with a relatively high risk of all-cause mortality. We reviewed the radiological and pathological findings of smoking-related interstitial lung diseases, such as respiratory bronchiolitis-interstitial lung disease, desquamative interstitial pneumonia, and airspace enlargement with fibrosis. We have also discussed the histological basis of unclassifiable interstitial pneumonia in smokers, which exhibits airway-centered cystic lesions with fibrosis. A variety of radiological findings coexist in the lungs of a smoker. This overlapping of multiple pathological conditions might cause the radiological patterns of diseases to become unclassifiable. Therefore, diagnosis should be performed not on the basis of a single radiological finding, but in a comprehensive manner, by including clinical symptoms and disease behavior. Among interstitial abnormalities in smokers, the usual interstitial pneumonia (UIP) pattern is correlated with a worse prognosis than others. Basal-predominant subpleural reticulation is a clue for accurate diagnosis of UIP, which can be achieved by computer-aided quantitative analysis.
Introduction
A variety of pathological and physiological abnormalities exist in the lungs of smokers and ex-smokers, including emphysema and various interstitial lung diseases (ILDs). Traditional smoking-related lung diseases include Langerhans cell histiocytosis (LCH), respiratory bronchiolitis-ILD (RB-ILD), and desquamative interstitial pneumonia (DIP) [1] . Smoking is a risk factor for chronic fibrosing interstitial pneumonias -including usual interstitial pneumonia (UIP) and non-specific interstitial pneumonia (NSIP) [2] as well as unclassifiable idiopathic interstitial pneumonias (unclassifiable IIPs) [3] . High-resolution computed tomography (HRCT) can demonstrate these abnormalities before the appearance of characteristic clinical symptoms [4] . A prospective, large-scale, cohort study demonstrated that approximately 8% of smokers have interstitial lung abnormalities (ILAs) [5] . These abnormalities are associated with a relatively high risk of all-cause mortality [6] , and some progress into pulmonary fibrosis [7] . Araki et al. analyzed serial CT images of 1867 participants in the Framingham Heart Study and observed the development of ILAs, including de novo UIP-pattern fibrosis [7] . In the background of these findings, smoking-related lung abnormalities are now considered an increasing public health concern.
In this review, we discuss HRCT findings observed in the lungs of smokers and identify characteristics that could differentiate interstitial lung abnormalities from idiopathic pulmonary fibrosis (IPF), which has a worse prognosis than the former. Table 1 summarizes the abnormalities observed in the lungs of smokers. We stress that many pathological and radiological findings coexist in the lungs of a smoker; for example, emphysema can coexist with interstitial fibrosis, which appears to be at the opposite end of the disease spectrum [8] . Overlapping of multiple pathological conditions might cause the radiological patterns of diseases to become unclassifiable. Therefore, diagnosis should be performed not on the basis of a single radiological finding, but in a comprehensive manner, by including clinical symptoms and disease behavior. According to the official statement of the American Thoracic Society and European Respiratory Society (ATS/ERS) [9] , RB-ILD and DIP are categorized as smoking-related IIPs. These two diseases are thought to be different endpoints of a similar pathological condition [10] ; however, they differ in terms of clinical presentation, imaging findings, and response to therapy and, therefore, remain classified separately.
Smoking-related lung diseases

Langerhans cell histiocytosis
LCH is an uncommon disease characterized by histiocyte proliferation. Patients with LCH are usually young adults, in their third or fourth decade of life. There is strong association between smoking and LCH -over 90% of patients with LCH have a history of smoking [11] .
The mechanism of LCH pathogenesis is unclear, although there is some evidence that the characteristic proliferation of Langerhans cells represents an abnormal immune reaction, possibly directed at the components of cigarette smoke [12, 13] . A very small percentage of smokers develop LCH, and a genetic background to the disease is also speculated [14, 15] . The diagnostic histological features of LCH are follows: (1) nodular interstitial infiltrates of Langerhans cells; (2) peribronchiolar location and stellate shape; (3) adjacent traction emphysema; and (4) RB with intra-alveolar macrophage accumulation (DIP-like reaction) (Fig. 1) .
On HRCT images of LCH, nodules ( Fig. 1 ) and cysts ( Fig. 2 ) are frequently observed with upper-and middlezone predominance of distribution (Fig. 1) . While nodules are usually less than 10 mm in diameter, they may also be as large as several centimeters in size and exhibit cavitation [2] . Serial HRCT findings have demonstrated the transformation of large nodules into thick-walled cysts, which later transform into thin-walled cysts [16] . Only coalescent cysts can be observed on follow-up CT images of LCH (Fig. 2) [17] . Emphysema may be identifiable on HRCT images at any stage of LCH. However, differentiation between coalescent cysts and de novo emphysema becomes increasingly challenging with disease progression.
Differential diagnoses of LCH include diffuse cystic diseases such as lymphangiomyomatosis (LAM) and Birt-Hogg-Dubé disease (BHD) [18] . LAM is an uncommon cystic lung disease caused by infiltration of the lungs with smooth muscle cells originating from an unknown source, spreading through blood and the lymphatic system, and containing growth-activating mutations in tuberous sclerosis genes [19] . On HRCT images, cysts of LAM exhibit diffuse distribution. In a patient with typical HRCT findings of LAM, a serum vascular endothelial growth factor D level > 800 pg/ml is also diagnostic for the disease [20] . BHD is a rare, autosomal-dominant disorder characterized by the development of hair-follicle tumors, renal neoplasms, and pulmonary cysts [21] . Cystic lung lesions in BHD are typically seen predominantly in the lung base and paraseptal locations [22] .
Respiratory bronchiolitis-interstitial lung disease
RB is a common histological lesion seen in smokers. The majority of cases of RB are asymptomatic. It is characterized by pigmented macrophage accumulation within bronchioles (Fig. 3) [13] .
RB-ILD -a clinical diagnosis made in heavy smokers -is extensive enough to cause symptoms and show [23] . Histological findings of RB-ILD include RB and peribronchiolar fibrosis as well as peribronchiolar macrophage distribution. Some patients show widespread macrophage distribution, overlapping with DIP [24] .
In current smokers and ex-smokers with RB, chest radiographic appearance of the lungs is often normal, and any abnormalities tend to be limited and non-specific [25] . On HRCT images, centrilobular nodules and ground-glass opacities (GGO) are predominant abnormalities in RB (Fig. 3 ) [9, 26] . In the largest HRCT series of patients with a clinicopathological diagnosis of RB-ILD (n = 21), Park et al. found the most frequent HRCT features to be central bronchial wall thickening, centrilobular nodules, and areas of GGO [27] . Although a few other studies had reported the upper lung zones to be predominantly affected [26] , Park et al. did not report any zonal predominance. Remy-Jardin et al. reported ill-defined ground-glass micronodules with upper-lobe predominance in 27% of current smokers and none of the never-smokers in their study; they also found that emphysema and GGOs increase Mild interstitial fibrosis is also present (b). Initial HRCT images show widespread GGO in the middle and lower zones, with peripheral or patchy distribution. Cystic spaces are also noted (c, d). In follow-up CT images, the GGOs have disappeared after steroid therapy and cessation of smoking. However, emphysema-like cysts remain (e, f) with smoking and that these CT findings were partially reversible in patients who stopped smoking [4] . These findings suggest that RB-ILD is characterized by micronodules and GGOs, with extensive macrophage accumulation in respiratory bronchioles, alveolar ducts, and alveoli.
In clinical practice, RB-ILD is being increasingly diagnosed without surgical lung biopsy in smokers with these HRCT findings as well as in cases where histological findings of bronchoalveolar lavage demonstrate smoker's macrophages and absence of lymphocytosis, which are While reticulation shows peripheral predominance, the subpleural region is relatively spared (a). In follow-up CT images, the reticulation has remained, and traction bronchiectasis is seen to have progressed (b). In the 3D GHNC image viewed from the posterior left direction, the lung is covered in a light-blue R-pattern, which corresponds to relatively homogenous fibrosis. Regions exhibiting a yellow H-pattern are few (c) potentially suggestive of hypersensitivity pneumonitis (HP) [9, 28] . The differential diagnosis of RB-ILD on the basis of HRCT findings is HP, which presents with centrilobular nodules and GGOs [9] . In RB-ILD, partial regression occurs with smoking cessation, with or without treatment [28] .
Desquamative interstitial pneumonia
DIP is an uncommon condition observed in the fourth or fifth decade of life. Histological hallmarks of DIP include prominent intra-alveolar accumulation of macrophages, hyperplasia of type II pneumocytes, and, more variably, diffuse alveolar septal thickening (Fig. 4) [10] . Relative to RB-ILD, DIP presents with a greater extent of interstitial fibrosis and more prominent lymphoid follicles and eosinophilic infiltration [1] .
One of the HRCT findings of DIP is widespread GGOs in the middle and lower zones, with peripheral or patchy distribution (Fig. 4) [2] . Centrilobular nodules are also observed in DIP, which probably represent coexisting RB. Cystic spaces are also noted. Akira et al. suggested that these cysts probably correspond to dilated alveolar ducts or pulmonary cysts [29] . In follow-up CT findings of histologically proven DIP, GGOs were reported to have disappeared, with only the emphysema remaining; this suggests that some of the cysts serve as foci of emphysema (Fig. 4) . A typical honeycomb pattern is not observed in biopsy-proven DIP.
Relationship between non-specific interstitial pneumonia and smoking
Idiopathic NSIP is now recognized as one of the IIPs [30] . It is well known that some patients with NSIP exhibit autoimmune features although they do not satisfy any of the diagnostic criteria for autoimmune diseases [31] . Upon excluding patients with NSIP exhibiting autoimmune features, a non-negligible proportion of residual cases of biopsy-proven fibrosing NSIP (fNSIP) are found to include smokers and ex-smokers (Fig. 5) [32] . Some authors have proposed that smoking is closely related to NSIP-pattern fibrosis [33, 34] .
It is easy to confuse DIP with fNSIP in smokers. Smokers with fNSIP frequently present with the DIP pattern [35] . If alveolar macrophages were to be excluded, the biopsy findings of DIP would resemble those of fNSIP (Fig. 4) [10] . Overlapping of DIP and NSIP is a common phenomenon [35] . Such cases of overlap might exhibit progression of fibrosis (Fig. 6 ). In our experience, progression to severe fibrosis is rare in biopsy-proven typical DIP. However, differentiating among fNSIP, DIP, and an overlapping pattern of DIP and NSIP (DIP-NSIP) on the basis of initial HRCT findings is challenging; this requires clinicians to observe disease behavior, including treatment response.
Overlapping of NSIP and UIP is also common among smokers (Fig. 7) . In a study by Kambouchner et al., an overlapping pattern of NSIP and UIP (NSIP-UIP) was observed in 26% of patients with biopsy-proven NSIP; two-thirds of these patients were smokers [35] . Jin et al. reported a 9.7% (86 of 884 participants of the National Lung Screening Trial population evaluated at a single site) prevalence of ILAs in their study; it is very interesting that 37% of patients with fibrotic ILAs in this study exhibited disease progression after 2 years of follow-up, and all these patients exhibited NSIP-UIP [3] . Distinguishing between UIP and NSIP in smokers is challenging [36] ; NSIP-pattern fibrosis, especially peribronchiolar fibrosis, is commonly observed in the end-stage of IPF/UIP [37] . We believe that fNSIP is one of the common histological components of smoking-related lung diseases.
Usual interstitial pneumonia in smokers
Smoking is strongly associated with IPF [9] . The pattern of UIP fibrosis also overlaps with emphysema and classic smoking-related IIPs. It is peculiar that emphysema and fibrosis -diseases on opposite ends of the spectrumcoexist in the same set of lungs. Figure 8 shows the schema of coexistence of UIP-pattern fibrosis and centrilobular emphysema. Typical centrilobular emphysema is observed in the centriacinar part with respiratory bronchiolitis. On the other hand, UIPpattern fibrosis is distributed in the perilobular (periacinar) area, and it is characterized by alveolar collapse [38] and decreased lung volume [39] . The predominant locations of centrilobular emphysema and UIP are microscopically different; therefore, emphysema and UIP-pattern fibrosis can coexist and are simply superimposed in the same lobule (Fig. 9) [40] . Rogliani et al. discussed matrix metalloproteinases (MMPs), a family of structurally related enzymes capable of degrading all components of the extracellular matrix and basement membranes; the authors found MMPs to be expressed at relatively high levels in fibroblastic foci in both UIP and emphysema/UIP [41] . Cysts with small dots are frequently seen on HRCT images of smokers. We believe that some of these cysts indicate destruction of lung tissue by emphysema and that the small dots are remnants of vessels and bronchi (Fig. 9) .
Honeycombing is an important histological and radiological finding for diagnosis of IPF. However, the histological honeycomb is not equal to the honeycomb pattern observed on HRCT images. Most honeycomb cysts that pathologists usually observe are less than 1 mm in diameter, sometimes filled with mucus; these cannot be visualized on HRCT images, especially in early UIP (Fig. 10) nar reconstruction images, almost parallel to the pleura. In the nonsmoker with IPF, periacinar fibrosis is noted as a polygonal structure with traction bronchiectasis (f). In the smoker with IPF, polygonal structure and centriacinar emphysema are observed, and the lungs exhibit a macroscopic honeycomb cystic pattern (e) 1 3 and the HRCT honeycomb pattern correlate best with histological findings of bronchiolectasis [43] . Yamauchi et al. reported that typical macroscopic honeycomb cysts are not observed in IPF in never-smokers, who only exhibit peripheral collapse and traction bronchiectasis in their follow-up evaluation despite exhibiting honeycombing in histological specimens [44] . In smokers, fibroses of all types -including UIP-pattern (Fig. 10 ) and collagenous-type (Fig. 11) fibrosis -are superimposed with emphysema; both exhibit a multiple-cyst pattern resembling a honeycomb on HRCT images. This is one of the reasons that emphysema with fibrosis resembles IPF/UIP. We discuss this matter in the following section.
Airspace enlargement with fibrosis and combined pulmonary fibrosis and emphysema
Emphysema is characterized by permanently enlarged airspaces distal to the terminal bronchiole along with destruction of alveolar walls; absence of "obvious fibrosis" was historically regarded as an additional criterion [45] . This is still the standard definition of emphysema. However, microscopic fibrosis is a fairly common finding in centrilobular emphysema, and it is extremely common in paraseptal emphysema [40] . On the basis of biochemical and histochemical findings, Wright et al. demonstrated increased collagen concentration in the lesions of centrilobular emphysema; the authors described fibrosis as an integral part of the emphysematous process [40] .
Several authors have proposed names for the pathological findings of fibrosis coexisting with emphysema. While Katzenstein et al. proposed smoking-related interstitial fibrosis [46] , Yousem and Reddy et al. described the condition as RB with fibrosis [47, 48] . Wright et al. described fibrosis coexisting with emphysema as "emphysema with fibrosis" [40] . The term "airspace enlargement with fibrosis" (AEF) was a proposed by Yousem [47] and Kawabata et al. [49] . Kawabata et al. confirmed that these findings were observed more frequently in heavy smokers than in other patients [49] . We believe that AEF is a common phrase for representing the histological findings of fibrosis coexisting with emphysema.
In histological specimens, AEF is characterized by the following: (1) fibrous interstitium with structural remodeling; (2) emphysematous change; (3) frequent bronchiolocentric location; and (4) absence of fibroblastic foci (Fig. 11) . Kawabata et al. reported the absence of acute exacerbation after surgery in patients with AEF [49] . Katzenstein et al. reported that most patients with smoking-related interstitial fibrosis are asymptomatic or only mildly symptomatic (a, arrow) . After 4 years, although the reticulation has increased, there are no honeycomb cysts (c). The peripheral vessels are closer to the pleura, which indicates alveolar collapse (c, arrow). In the 3D-GHNC image (left posterior view), a yellow H-patternindicative of fibrosis -covers the lung surface, including the dorsal lung base. Perilobular fibroses are seen at junctions between the pleura and interlobular septum (we have termed these points "pleuro-septal junctions") (e, arrows). These subpleural fibroses correspond to small opacities resembling thorns, located beneath the pleura on CT images (a, b arrows). The histological specimen shows microscopic honeycombing (e, black circles); these mucus-filled small cysts cannot be detected on CT images and that the clinical course of the disease is stable in most cases [46] . Therefore, AEF needs to be distinguished from UIP and other IIPs [9, 50] .
Several studies have reported on the radiological findings of AEF. While AEF is grossly visible as variously sized thin-walled cysts in histological specimens [49] , it presents as thin-walled cysts on HRCT images. In our experience, HRCT patterns in patients with histologically proven AEF are variable and include cystic lesions in reticulations (Fig. 12) and thin-walled cysts (Fig. 13) . In some cases, it is difficult to distinguish between AEF and UIP on CT images (Fig. 14) [51] .
Combined pulmonary fibrosis and emphysema (CPFE), proposed by Cottin et al. is a clinical manifestation reflecting the coexisting patterns of interstitial fibrosing and emphysema [52] . The type of fibrosis in CPFE has yet to be defined; currently, any type of fibrosis, including AEF, NSIP, and UIP, may be included. Cottin et al. reported on 61 patients (all smokers) with low carbon monoxide transfer coefficients; 47 and 55% of these patients exhibited pulmonary hypertension at diagnosis and during follow-up, respectively, and all patients exhibited coexistence of emphysema with upper-zone predominant parenchymal lung disease suggestive of pulmonary fibrosis of the lower lobes on CT images (Fig. 15) . Ryerson et al. defined CPFE as ≥ 10% emphysema on HRCT images; in their study, although 8% of patients with IPF met this criterion, there was no significant difference in mortality between patients with IPF with and without CPFE [53] . These findings suggest that fibrosis type might play a key role in patient survival.
Unclassifiable IIP in smokers
The ATS/ERS statement proposed an "unclassifiable" category of IIPs, acknowledging that final diagnosis might not be achieved even after lengthy multidisciplinary diagnosis [9] . Overlapping of different histological patterns is common among smokers. Therefore, smokers and ex-smokers with DIP-NSIP and NSIP-UIP may be easily classified as having unclassifiable IIP. Besides such cases of overlap, unclassifiable IIPs include new entities or unusual variants of recognized entities not adequately characterized by the current classification (e.g., a variant of organizing pneumonia with supervening fibrosis) [9] . Ryerson et al. retrospectively reviewed 1370 cases of ILD and diagnosed unclassifiable IIP in 132 cases (10%), of which 64% involved smokers or ex-smokers; the authors also reported that unclassifiable IIP exhibits slow progression and longer patient survival than IPF [54] .
Among smokers and ex-smokers, we recognized a considerable number of cases of unclassifiable IIP with peculiar pathological changes that cannot be explained by the ATS/ ERS classification. All of these cases involved smokers, and the histopathological specimens exhibited airway-centered cystic lesions with fibrosis, accompanied by bronchiolar metaplasia, mucostasis, and fibroblastic foci (Figs. 16, 17,  18 ). On HRCT images, cysts were noted in reticulations, usually apart from the pleura (Fig. 16 ). Cystic dilatation of peripheral bronchi was frequently seen on multiplanar reconstruction images (Fig. 17) . On serial HRCT images, the airway-centered cysts were seen to slowly progress, finally creating large airspaces and causing lung parenchyma destruction in several cases (Fig. 18) . These patients exhibited symptoms of dyspnea on exertion. In pulmonary function tests, many of these patients exhibited nearly normal levels of forced vital capacity and forced expiratory volume in 1 s, although the carbon monoxide diffusion capacity of the lungs was low. Despite the slow progression of symptoms, lung cancer and coronary arterial diseases frequently occur in patients with unclassifiable IIP.
Several authors have already discussed airway-centered lesions. Fukuoka et al. mainly mentioned bronchial metaplasia in diffuse lung diseases [55] . Churg et al. proposed an ILD pathologically characterized by small airway-centered interstitial fibroses and metaplastic bronchiolar epithelium extending around and often linking fibrotic and sometimes heavily muscularized bronchioles [56] . Airway-centered interstitial fibrosis is also observed in non-smoking patients [57] [58] [59] . The findings of these small retrospective series suggest that ILDs mainly affect airways.
Some authors have described unclassifiable IIPs with a cystic pattern on HRCT images in smokers. Matsuoka et al. also demonstrated enlargement of low-attenuation areas on serial HRCT images in patients with emphysema and fibrosis [60] . In a study by Inomata et al., thick-walled cystic lesions -lesions involving one or more acini, with dense wall fibrosis and occasional fibroblastic foci surrounded by honeycombing and normal alveoli -were confirmed by postmortem examination in patients exhibiting CPFE-pattern findings on CT images [61] . Emphysematous destruction and enlargement of membranous and respiratory bronchioles with fibrosis were observed in these thick-walled cystic lesions.
On the basis of these findings, we believe that some smokers show unclassifiable IIP with airway-centered cystic lesions with fibrosis. The existence of fibroblastic foci and progression of cystic destruction are different from AEF, which does not show marked progression.
Differential diagnosis of smoking-related interstitial lung diseases
There are many kinds of smoking-related lung diseases, including emphysema and IPF. Among patients with these conditions, those with pathologically proven AEF show the best prognosis and require no treatment, while patients with IPF/UIP exhibit the worst prognosis and require early diagnosis and appropriate intervention with anti-fibrotic drugs. In cases of overlap, such as combined emphysema and UIP and NSIP-UIP, patient management depends on the extent of UIP-pattern fibrosis [53] . Therefore, detection of UIPpattern fibrosis is important.
We believe that subpleural abnormalities are important for detection of UIP-pattern fibrosis on HRCT images. Small opacities resembling thorns, located beneath the pleura, are characteristic of UIP [62, 63] , corresponding to fibrosis at the pleuroseptal junction (Fig. 10) . Multiplanar reconstruction images show irregular polygonal structures with traction bronchiectasis in the subpleural area, corresponding to perilobular collapse and fibrosis (Fig. 8) [32] .
Computer-based analysis is helpful for detecting subpleural fibrosis. For example, a Gaussian histogram normalized correlation (GHNC) system can segment the lungs along the lines of predesigned samples on the basis of CT attenuation values and local histogram findings [64] [65] [66] [67] . In the GHNC system, an H-pattern is recognized on the basis of a sample of honeycomb lungs with fibrosis and traction bronchiectasis. Upon direct comparison between GHNC and surgical biopsy findings in a previous study, H-pattern volume ratios at biopsy sites were found to be significantly correlated with histologically identified honeycombing (r = 0.355; p < 0.001), subpleural collapse (r = 0.410; p < 0.001), and heterogeneity (r = 0.484; p < 0.001) [32] . Moreover, since the lung surface is widely covered by H-pattern lesions, computer-aided analysis of three-dimensional (3D) images can clearly demonstrate subpleural fibrosis (Fig. 19) . Disease progression is the most important point for distinguishing between patients with IPF/UIP and stable patients with pathologically proven AEF. In clinical practice, however, prompt diagnosis is required, for example, before surgery. We believe that computer-aided 3D image analysis is useful for diagnosis in such cases.
Conclusion
We have reviewed the radiological and pathological findings of smoking-related ILDs, including LCH, RB-ILD, DIP, and AEF. We have also discussed the characteristics of IPF/UIP, NSIP, and unclassifiable IIP in smokers. Many histological patterns of ILDs coexist in the lungs of smokers, which makes it difficult or impossible to classify them as a specific disease. Management approaches should be based on the most probable diagnosis after multidisciplinary evaluation and consideration of expected disease behavior. Since UIP-pattern fibrosis exhibits the worst prognosis of all ILDs, Fig. 18 A 55-year-old male current smoker with unclassifiable interstitial pneumonia. a Initial and b 5-year follow-up HRCT images. In the initial pulmonary function test, the %predicted carbon monoxide diffusion capacity of the lungs was 36.0%. Initial CT images show thin-walled multiple cysts at the lung base; a large number of GGOs are also noted. In the follow-up CT image, these cysts are seen to have enlarged, which appears like the destruction of lung parenchyma Fig. 19 Comparison of 3D-GHNC images of AEF and IPF. a, b Chest radiographs and c, d 3D-GHNC images. a, c A patient with adenocarcinoma and pathologically proven AEF (the same patient as in Fig. 12 ), who was alive 5 years after surgery. b, d A 58-year-old male ex-smoker with squamous cell carcinoma and IPF/UIP, who died from acute exacerbation after surgery for lung cancer. Chest radiographs and 3D-GHNC images both show lower lung volume in the second subject (b, d), relative to that in the first subject (a, c). In the 3D-GHNC image of the second subject, almost the entire lung is covered in a yellow H-pattern, which indicates advanced subpleural fibrosis
